Structural diversity in Ni(II) cluster chemistry: Ni5, Ni6, and {NiNa2}n complexes bearing the Schiff-base ligand N-naphthalidene-2-amino-5-chlorobenzoic acid.
Introduction
The quest for high-nuclearity metal complexes of paramagnetic 3d-metal ions has intensified over the last decade or so due to their inherent architectural beauty 1 and interesting properties, such as magnetic, 2 optical, 3 catalytic, 4 and biological. 5 The synthesis of such 0-D molecular compounds is largely based on serendipity (or 'self-assembly') but such a lack of design and prediction does actually bring into the field all the intriguing and special structural and physicochemical features that these molecules exhibit. 6 The success of this approach mainly stems from the choice of the primary organic chelating/bridging ligand and afterwards from the systematic investigation of the effect of all possible synthetic variables on the chemical and structural identities of the resulting species. For a given organic chelate, some of the synthetic variables that worth exploration are the type of metal salts used as precursors, the metal-toligand ratio, the reaction solvent, the temperature and the crystallization methods. 7 Polynuclear Ni II complexes have shown some promise as high-spin molecules and candidates for single-molecule magnetism behaviors. 8 In 3d-metal cluster chemistry, high-spin molecules with large ground state spin values, S, result ideally from ferromagnetic exchange interactions between the paramagnetic metal ions or from the presence of spin frustration effects on antiferromagnetically-coupled systems. Spin frustration can be defined in its general sense as the occurrence of competing exchange interactions of comparable magnitude that prevent (frustrate) the preferred spin alignments. For example, in certain topologies, such as metal triangles, the spins of two antiferromagnetically-coupled metal ions (or other spin carriers) may be forced into a parallel alignment by other, stronger interactions; thus, the intrinsic preference of the spins to align antiparallel is frustrated. 9 When a system with an appreciable S value is further combined with a significant magnetic anisotropy of an Ising (or easy-axis) type, then an energy barrier to magnetization reversal is generated and the compound can behave as single-molecule magnet (SMM). 10 SMMs represent a molecular or "bottom-up" approach to nanoscale magnetism with potential applications in the fields of information storage, molecular electronics and spintronics. 11 Organic and inorganic bridging ligands of various types have been utilized over the last three decades for the synthesis of both high-spin clusters and SMMs. 6, 12 However, the investigation of the optical properties of these superparamagnetic-like 3d-metal species has been always deterrent, probably due to problems arising from quenching effects from both the paramagnetic metals and the coordinated ligands and solvate molecules. 13 We have thus decided to start working with a ligand that could in principle tackle all of these obstacles and contribute towards the synthesis of new polynuclear Ni II clusters with unprecedented structures and both interesting magnetic and optical properties. The ligand of choice in this study was the tetradentate Schiff base N-naphthalidene-2-amino-5chlorobenzoic acid (nacbH2, Scheme 1). NacbH2 is a fluorescent ligand and has limited previous use in 3d-metal cluster chemistry, from which we have been able to isolate and characterize a Ni12 wheel-like cluster and a Ni5 zigzag compound exhibiting a unique ligand transformation to a hydroquinone-functionalized Schiff base. 14 We here report our results from the systematic study of the coordination and bridging affinity of nacbH2 in Ni II chemistry in the absence of any additional bridging groups such as pseudohalides and/or carboxylates. We also show that the inorganic anions present in the Ni II starting materials (ClO4vs. Cl -), the nature of the reaction solvent(s), and the type of base used (organic vs. inorganic) have drastically affected the chemical and structural identities of the resulting compounds. Hence, three Ni5 and two Ni6 clusters with different topologies, as well as a 1-D coordination polymer consisting of NiNa2 repeating units, were synthesized and characterized in terms of their magnetic and emissive responses. 
Experimental Section

Syntheses
All manipulations were performed under aerobic conditions using chemicals and solvents as received. The ligand nacbH2 was synthesized and adequately characterized ( 1 H and 13 C NMR, IR and elemental analyses) as previously reported. 14 Safety note: Perchlorate salts are potentially explosive; such compounds should be synthesized and used in small quantities, and treated with utmost care at all times.
[Ni5(OMe)2(nacb)4(MeOH)3] (1). To a stirred, orange suspension of nacbH2 (0.07 g, 0.2 mmol) in MeOH (15 mL) was added NEt3 (56 μL, 0.4 mmol). The resulting yellow solution was stirred for 5 min, during which time solid Ni(ClO4)2·6H2O (0.07 g, 0.2 mmol) was added and the color of the solution changed to dark orange-brown. Additional stirring for 15 min did not alter the color or form of the solution. The latter was then filtered, and the filtrate was diffused with hexanes (10 mL) and left undisturbed at ambient temperature to afford after ~12 days green-yellow crystals of 1 5MeOH 2(C • • 6H14). The crystals were collected by filtration, washed with cold MeOH (2 x 2 mL) and dried in air. The yield was 52%. Elemental analysis (%) calcd for the lattice solvent-free 1: C 52. 67, H 3.51, N 3.15; found: C 52.79, H 3.65 [Ni5(OH)2(nacb)4(DMF)4] (2). This complex was prepared in the exact same manner as complex 1, but using DMF (15 mL) in place of MeOH. After 20 days, X-ray quality greenyellow crystals of 2 3DMF
• were collected by filtration, washed with cold DMF (2 x 2 mL) and dried under vacuum. The yield was 40%. Elemental analysis (%) calcd for 2: C 52. 69, H 3.68, N 5.85; found: C 52.84, H 3.91, N 5.66 [Ni5(OMe)Cl(nacb)4(MeOH)3(MeCN)] (3). To a stirred, orange suspension of nacbH2 (0.07 g, 0.2 mmol) in MeCN/MeOH (15 mL, 2:1 v/v) was added NEt3 (56 μL, 0.4 mmol). The resulting yellow solution was stirred for 5 min, during which time solid NiCl2·6H2O (0.10 g, 0.4 mmol) was added and the color of the solution changed to orangebrown. Additional stirring for 15 min did not alter the color and form of the solution. The latter was then filtered, and the filtrate was diffused into a mixture of Et2O/hexanes (30 mL, 1:1 v/v) to afford after 2 days olive-green crystals of 3·4MeCN·4MeOH·Et2O. The crystals were collected by filtration, washed with cold MeOH (2 x 2 mL) and Et2O (2 x 2 mL) and dried under vacuum. The yield was 43%. Elemental analysis (%) calcd for 3 MeCN: C 52.42, H 3.35, • N 4.58; found: C 52.33, H 3.23, N 4.76 (NHEt3)2[Ni6(OH)2(nacb)6(H2O)4] (4). To a stirred, orange suspension of nacbH2 (0.07 g, 0.2 mmol) in CH2Cl2 (20 mL) was added NEt3 (56 μL, 0.4 mmol). The resulting yellow solution was stirred for 5 min, during which time solid NiCl2·6H2O (0.10 g, 0.4 mmol) was added and the color of the solution turned orange. Additional stirring for 30 min did not alter further the color and form of the solution. The latter was then filtered, and the filtrate was left undisturbed at room temperature to slowly evaporate and afford after 18 days, X-ray quality orange crystals of 4·8CH2Cl2. The crystals were collected by filtration, washed with cold CH2Cl2 (2 × 2 mL) and dried under vacuum. The yield was 63%. Elemental analysis (%) calcd for the lattice solvent-free 4: C 55. 33, H 3.95, N 4.30; found: C 55.38, H 4.11, N 4.15 (5). To a stirred, orange suspension of nacbH2 (0.07 g, 0.2 mmol) in CH2Cl2/MeOH (25 mL, 4:1 v/v) was added solid NaOH (0.02 g, 0.4 mmol). The resulting orange suspension was stirred for 10 min, during which time solid NiCl2·6H2O (0.10 g, 0.4 mmol) was added and the color of the solution turned olive-green. Additional stirring for an hour led to a brownish suspension which was filtered, and the filtrate was left undisturbed to slowly evaporate at room temperature. After ~25 days, X-ray quality crystals of 5 were precipitated and collected by filtration. The crystals were washed with cold MeOH (2 x 2 mL) and dried in air. 
X-ray Crystallography
Crystalline materials of complexes 1-5 were manually harvested, and selected single-crystals of each compound were mounted on cryoloops using adequate oil. 15 Diffraction data were collected at 150(2) K on a Bruker X8 Kappa APEX II Charge-Coupled Device (CCD) area-detector diffractometer controlled by the APEX2 software package (MoKα graphite-monochromated radiation, λ = 0.71073 Å), 16 and equipped with an Oxford Cryosystems Series 700 cryostream monitored remotely with the software interface Cryopad. 17 Data for complex 6 were collected on beamline 11.3.1 at the Advanced Light Source, Lawrence Berkeley National Lab. Samples were mounted on MiTeGen® kapton loops and placed in a 100(2) K nitrogen cold stream provided by an Oxford Cryostream 700 Plus low temperature apparatus on the goniometer head of a Bruker D8 diffractometer equipped with a PHOTON100 CMOS detector operating in shutterless mode. Diffraction data were collected using synchrotron radiation monochromated using silicon(111) to a wavelength of 0.7749 (1) Å. An approximate full-sphere of data was collected using a combination of phi and omega scans with scan speeds of 1 second per 4 degrees for the phi scans, and 5 seconds per degree for the omega scans at 2θ = 0 and -45, respectively.
The images obtained during the data collection for all complexes 1-6 were processed with the software SAINT+, 18 and the absorption effects were corrected by the multiscan method implemented in SADABS. 19 The structures were solved using the algorithm implemented in SHELXT, 20, 21 and refined by successive full-matrix leastsquares cycles on F 2 using the latest SHELXL-v.2014. 20,22 All the non-hydrogen atoms were successfully refined using anisotropic displacement parameters. Hydrogen atoms on aliphatic and aromatic carbon atoms were geometrically located using appropriate HFIX instructions in SHELXL, and included in subsequent refinement cycles in riding-motion approximation with isotropic thermal displacement parameters (Uiso) fixed at 1.2 or 1.5 × Ueq of the relative atom. Most of the hydrogen atoms on the bound methanol and water molecules were found in the Fourier difference maps, their distances were fixed and allowed to refine with a riding model. The structures of complexes 1-4 and 6 contain solvent channels which could not be modeled and were treated with the program SQUEEZE, 23 as implemented in the software package PLATON. 24 In one of the two coordination polymers that crystallize in 5 (the one containing Ni2) the two Na + cations are disordered over 4 positions, as well as the two coordinated water molecules which are also disordered over 4 possible positions.
Additional information about crystallographic data collection and structure refinement details are summarized in Table 1 . Crystallographic data for the reported structures have been deposited with the Cambridge Crystallographic Data Centre (CCDC) as supplementary publication numbers: CCDC-1448720 to 1448725 for complexes 1 to 6, respectively. Copies of these data can be obtained free of charge via https://summary.ccdc.cam.ac.uk/structuresummary-form.
Physical Measurements
Infrared spectra were recorded in the solid state on a Bruker's FT-IR spectrometer (ALPHA's Platinum ATR single reflection) in the 4000-400 cm -1 range. Elemental analyses (C, H, and N) were performed on a Perkin-Elmer 2400 Series II Analyzer. Excitation and emission spectra were recorded in the solid state using a Cary Eclipse spectrofluorometer. Magnetic susceptibility studies were performed at the Chemistry Department of the University of Barcelona on a MPMS5 Quantum Design magnetometer. Pascal's constants were used to estimate the diamagnetic correction, which was subtracted from the experimental susceptibility to give the molar paramagnetic susceptibility (χΜ). 25 The magnetic data of all complexes were fitted to the appropriate spin Hamiltonians (vide infra) using the PHI software. 26 The quality of the fits was parameterized as the factor R = (χMTexp-χMTcalc) 2 /(χMTexp) 2 .
Results and Discussion
Synthetic Comments
There are similarities as well as important differences in the synthetic routes followed for the isolation of the reported compounds. In all the cases, we utilized tertiary reaction systems containing a NiX2 reagent, the ligand of choice, nacbH2, and a base to abstract the protons of the ligand's OH groups, at different solvents and solvent mixtures. We employed two different NiX2 starting materials, one containing the poorly coordinated ClO4anion and the other including the Clanion which is known to exhibit a better coordinating affinity for 1 st -row transition metal ions. Both ClO4and Clanions are weak Brönsted bases; therefore, the addition of an external base seemed necessary for the facilitation of the ligand's deprotonation. We used three different bases in total which all led us to the isolation of different products (vide infra); upon proton abstraction by the organic base NEt3, the resulting NHEt3 + species can frequently counterbalance the anionic charge of a cluster compound in solution and consequently help with the crystallization of the resulting salt in the solid-state. In contrast, the strong inorganic bases, such as the NaOH and KOH, can supply the resulting solutions with the corresponding hydrated Na + and K + cations which are more susceptible in binding with O-and N-donor ligands rather than counterbalancing the charge of an anionic cluster compound. 27 Furthermore, another important synthetic factor that is worthy investigating is the effect of the solvent on the structural identity of cluster compounds. The volatility, polarity, rigidity and coordination affinity of reaction solvents are some of the parameters which could affect the thermodynamics and kinetics of a product's formation in solution, and consequently the chemical identity of a species in the solid-state. 28 To that end, the initial reaction between Ni(ClO4)2·6H2O, nacbH2 and NEt3 in a molar ratio of 1:1:2 in MeOH led to the subsequent formation of complex [Ni5(OMe)2(nacb)4(MeOH)3] (1) in 52% yield. In an attempt to investigate the effect of the reaction solvent on the structural identity of 1, we performed the exact same reaction but in a variety of polar and non-polar solvent media. Only when the reaction was carried out in DMF we were able to isolate a crystalline compound, and this was identified as complex [Ni5(OH)2(nacb)4(DMF)4] (2) which is structurally similar to 1 (vide infra). In our next synthetic efforts, we focused on the use of NiCl2•6H2O as a metalcontaining starting material. From the 2:1:2 reaction between NiCl2•6H2O, nacbH2 and NEt3 in a solvent mixture comprising MeCN and MeOH, we were able to crystallize and characterize the new pentanuclear compound [Ni5(OMe)Cl(nacb)4(MeOH)3(MeCN)] (3) in 43% yield. Since complex 3 contains bound solvate molecules, we decided to change the solvent and perform the same reaction in CH2Cl2 which has a negligible binding affinity towards 3dmetal ions in moderate-to-high oxidation states. We were very pleased to see that the crystallized compound was this time a hexanuclear (NHEt3)2[Ni6(OH)2(nacb)6(H2O)4] (4) compound, isolated in 63% yield. The fact that the formula of the anionic compound 4 was counterbalanced by two Et3NH + cations let us think that a change of base from an organic to an inorganic one could lead us to a different complex. Indeed, the same reaction that led to 4, but with NaOH in place of NEt3, allowed us to isolate a new coordination polymer (5) in 32% overall yield. The polymeric compound 5 contains both Ni II and Na I coordinated cations (vide infra), confirming the coordination affinity of alkali metals towards ligands with N-and O-donor atoms. In the reaction mixture that led to 5, a second solvent MeOH was also employed in conjunction with CH2Cl2 in order to enhance the solubility of the solid NaOH. With complex 5 in hand, we decided to investigate the effect of the alkali metal on the chemical identity of Ni II /nacb 2compounds. The exact same reaction that yielded 5 was repeated with KOH instead of NaOH but the crystallization of the resulting solution afforded this time crystals of a new hexanuclear [Ni6(nacb)6(H2O)3(MeOH)6] (6) compound in comparable with 5 yields (~20%). A distinct difference between 6 and 5 is the absence of coordinated K + cations in the former, which could be only tentatively assigned to the differences in sizes (ionic radii: Na + , 116 pm; K + , 152 pm) between the two cations under the same reaction conditions. (10) 17.414 (4) 14.7531 (12) 7.5505 (16) 27.5171 (11) b / Å 14.473 (2) 14.1587 (10) 17.728 (4) 18.2554 (16) 18.877 (4) 27.7084 (10) c / Å 24.048(4) 14.7117 (11) 18.040 (4) 26.332 (2) 26.086 (6) 31.0222 (12) α / °101.736 (8) Index ranges 
Description of Structures
Complexes 1 and 2 are very similar to each other ( Fig. 1 ) and differ only in the nature of the central μ3-ORbridges (R = Me in 1 and R = H in 2) and the terminally bound solvate molecules (MeOH in 1 and DMF in 2). Therefore, only the structure of representative complex 2 will be described in detail. Selected interatomic distances and angles for all structurally and magnetically described compounds are listed in Tables 2-5. The crystallographically established coordination modes of the nacb 2ligands present in complexes 1-6 are shown in Scheme 2.
Complex 2 consists of 5 Ni II cations held together by two μ3-bridging OHions (O1 and its symmetry equivalent), and two η 2 :η 1 :η 2 :η 1 :μ4 (O2/O3/O4/N1 and their symmetry equivalents) and two η 1 :η 1 :η 2 :μ (O5/O7/N2 and their symmetry equivalents) nacb 2ligands. Peripheral ligation is provided by four terminal DMF molecules, two on each of Ni2 and Ni2′ cations. The five Ni II cations are disposed in a centered parallelogram, which is planar by virtue of a crystallographic inversion center in the middle (at Ni1). An alternative description of the metal topology of 2 (Fig. 2) (Fig. 2) . Furthermore, Ni2 and Ni3 are bound to an O5N set of donor atoms, while Ni1 forms a NiO6 chromophore. Thus, all the Ni II cations are sixcoordinate with distorted octahedral geometry, with the main distortion arising from the relatively small bite angles of the chelating parts of the nacb 2groups. The bond distances around the Ni II cations in 1 and 2 are typical of those found in octahedrally coordinated nickel(II) complexes with O and N ligation. 29 The bowtie-like topology seen in complexes 1 and 2 is of precedence in Ni II cluster chemistry, especially in Ni/oximate cluster chemistry where diatomic N-O oximate bridges act as linkers between the central and peripheral Ni II cations. 30 Complex 3 comprises again five Ni II cations (Fig. 3, top ), but this time the metal ions are linked together by a μ3-OMe -, a μ-Cl -, and the carboxylate and naphthoxido O atoms of four nacb 2ligands to form an overall asymmetric, cage-like cluster. Three nacb 2groups bind in an η 1 :η 1 :η 2 :η 1 :μ3 mode (Scheme 2), bridging solely through the carboxylate O atoms, and the remaining nacb 2ligand adopts the more rare η 2 :η 1 :η 2 :η 1 :μ4 mode (Scheme 2), with the two 'pockets' of the ligand chelating a Ni II cation and both the carboxylate and naphthoxido O atoms participating in the bridging of three additional metal ions. Thus, the complete core of 3 (including the triatomic carboxylate bridges from nacb 2-) is [Ni5(μ3-OMe)(μ-Cl)(μ3-OOCR)4(μ-OR)] 3+ (Fig. 3, bottom) and can be conveniently described as a {Ni3(μ3-OMe)} triangle bridged to two additional Ni II cations through the bridging carboxylate moieties of nacb 2and the bridging chloride group. Such a structural motif is unprecedented in Ni II cluster chemistry. Peripheral ligation about the core is provided by three terminal MeOH (on Ni2, Ni4 and Ni5) and a terminal MeCN (on Ni4) molecules. The Ni-Cl bond distances (Ni1•••Cl1 = 2.351(2) Å and Ni2•••Cl1 = 2.443(2) Å) fall into the expected range for similar μ-Cl --bridged Ni II compounds. 31 All Ni II cations in 3 are six-coordinate with distorted octahedral geometries. The crystal structure of complex 4 consists of [Ni6(OH)2(nacb)6(H2O)4] 2anions (Fig.  4 , top) counterbalanced by NHEt3 + cations; the latter, as well as the six CH2Cl2 lattice solvate molecules, will not be further discussed. The Ni6 anion consists of a central, planar array of four Ni II cations, or alternatively a Ni4 rod-like unit, comprising Ni1, Ni3, Ni1 and Ni3 , which is further linked to ′ ′ two Ni II cations (Ni2 and Ni2 ) via two ′ μ3-OHions. Two nacb 2ligands act as tridentate chelates on Ni2 and Ni2 , ′ while the remaining four nacb 2ligands behave as both tridentate chelating and bridging groups, adopting the η 1 :η 1 :η 2 :η 1 :μ3 mode (Scheme 2). Four water molecules occupy the terminal coordination sites of Ni1 and Ni1 . ′ Hence, all Ni II cations are again six-coordinate with distorted octahedral geometries but with different NiOxNy chromophores (x = 6, y = 0 for Ni1/Ni1 ; x = 5, y = 1 for ′ Ni2/Ni2 ; x = 4, y = 2 for Ni3/Ni3 ). The complete core of ′ ′ 4 is [Ni6(μ3-OH)2(μ3-OOCR)4] 6+ (Fig. 4, bottom) , and can also be seen as a {Ni4(μ3-ΟΗ)2} butterfly in the center of the cluster attached to two extrinsic Ni II cations on both sides. Complex 4 exhibits a rather unusual topology among the hundreds of structurally characterized Ni II 6 clusters to date; only the ferromagnetically-coupled complex (NHEt3)2[Ni6(OH)2(L)4(H2O)2] (LH3 = 2,2 ,2 -nitrilotribenzoic ′ ′′ acid) reported by Krämer and co-workers has shown a similar metal topology. 32 The crystal of 5 contains two co-crystallized {NiNa2} coordination polymers with very similar formulas and both with one-dimensional motifs. The [NiNa2(nacb)2(MeOH)2]n (5a) and [NiNa2(nacb)2(MeOH)2(H2O)2]n (5b) polymers differ only in the presence of two terminally ligated water molecules on the Na I cations of 5b. Due to several disorders located on many atoms within 5b, the structure of 5a will be described in detail as a representative example. The asymmetric unit of 5a (Fig. 5, top) comprises a distorted octahedral Ni II cation (Ni1) surrounded by two tridentate chelating nacb 2groups. Within the asymmetric unit, one of the nacb 2ligands utilizes one carboxylate O atom (O4) to bridge Ni1 with two Na I cations (Na1 and Na2). The latter are additionally bound to two terminal MeOH molecules (O7 and O8). Subsequently, one of the bound MeOH molecules (the one containing O7) becomes μ-bridging and connects Na1 with the symmetry related Na1′ (′ = 1-x, -y, -z). In addition, O5 from the carboxylate fragment of nacb 2becomes μ-bridging and links Ni1 with Na1′; this ligand is thus bridging in an overall η 1 :η 1 :η 2 :η 2 :μ4 mode (Scheme 2). The behavior of the second bridging nacb 2ligand is slightly more complex; the naphthoxido O atom, O1, bridges Ni1 with Na2′′ (′′ = 1+x, y, z), while the carboxylate O atoms (O2 and O3) demonstrate a noticeable bridging ability, linking Ni1 to four additional Na I cations (Na1′, Na2′′ for O2 and Na1′′, Na2′ for O3). This ligand is thus bridging in an overall η 2 :η 1 :η 3 :η 2 :μ5 mode (Scheme 2), which is unprecedented in the coordination chemistry of nacb 2to date. The activation of all symmetry elements and operations within the extended structure of 5a (Fig. 5 , middle) reveals the complete 1-D chain which is shown in the bottom of Fig. 5 . The Na1 and Na2 cations have very distorted octahedral and square pyramidal coordination geometries, respectively. The τ index for Na2 was calculated as 0.22, where τ is 0 and 1 for perfect square pyramidal and trigonal bipyramidal geometries, 33 respectively. Finally, the Ni•••Ni distances in 5a are within the range 7.551(3)-8.199(3) Å, thus presaging negligible magnetic exchange interactions between the paramagnetic metal ions. The crystal structure of complex 6 contains hexanuclear [Ni6(nacb)6(H2O)3(MeOH)6] clusters (Fig. 6, top) and CH2Cl2 and H2O lattice solvate molecules; the latter two will not be further discussed. The formula of 6 is charge-balanced and comprises six distorted octahedral Ni II cations bridged together by three μ-bridging H2O molecules and the carboxylate fragments of six nacb 2ligands. Six MeOH molecules complete the coordination spheres of the six Ni II cations. The nacb 2ligands are all acting as η 1 :η 1 :η 1 :η 1 :μ bridging groups (Scheme 2), another new coordination mode for this class of ligands, with the imino N and naphthoxido O atoms chelating a Ni II cation and the carboxylate O atoms bridging that Ni II with a neighboring one in a syn,anti-bridging fashion. Although rare, the bridging capacity of H2O molecules in Ni II cluster chemistry is of precedence. 34 Metric parameters and O bond valence sum (BVS) 35 calculations further supported the assignment of these O atoms to H2O molecules. The O BVS values for O1W, O2W and O3W in 6 were 0.64, 0.64 and 0.67, respectively; an O BVS in the ~0.2-0.8 range is indicative of double protonation. The Ni-Oaqua distances are larger than the Ni-Onaphthoxido and Ni-Ocarboxylate ones, as expected for bridging aqua groups. The core of 6 is thus [Ni6(μ-O2H)3(μ-OOCR)6] 6+ (Fig. 6, bottom) and can be described as three interpenetrating {Ni2(μ-O2H)} units (Ni1-O1W-Ni2, Ni3-O2W-Ni4 and Ni5-O3W-Ni6) bridged to each other by the syn,anti-η 1 :η 1 :μ carboxylate groups of the nacb 2ligands. This asymmetric metal core topology has not been reported to date in Ni6 cluster chemistry. 
Intramolecular and Intermolecular Interactions
The intermolecular interactions in all the reported compounds 1-6 are very weak to negligible and do not merit any further discussion. In contrast, there are some interesting intramolecular H-bonding interactions in 1-6 which deserve to be further discussed; these interactions provide the systems with additional thermodynamic stability and allow them to crystallize under normal conditions. In the crystal structures of complexes 1 and 3, there are strong intramolecular H bonds between the terminally bound MeOH molecules, the naphthoxido O atoms of nacb 2and the lattice solvate MeOH molecules. In complex 2, the μ3-OHgroups are found to be H-bonded with the uncoordinated carboxylate O atoms of nacb 2-. In the crystal structure of complex 4, there are two sets of different H-bonding interactions; these are between the naphthoxido O atoms of the tridentate chelating nacb 2ligands and the terminally bound H2O molecules, and between the uncoordinated carboxylate O atoms of nacb 2and the NHEt3 + countercations. Within each of the two polymers 5a and 5b, there are only H-bonding interactions between the naphthoxido O atoms of nacb 2and the bridging MeOH groups. Finally, the crystal structure of complex 6 exhibits a very rich network of intramolecular Hbonding interactions (Fig. 7, Table 6 ). In particular, each of the bridging H2O molecules is H bonded to two carboxylate O atoms from two different nacb 2ligands. Furthermore, all six terminal MeOH molecules are H-bonded to the naphthoxido O atoms of six different nacb 2ligands. Fig. 7 The intramolecular H bonds (blue dashed lines) that are present in the crystal structure of 6. H atoms are shown in white. 
Solid-state Magnetic Susceptibility Studies
Variable-temperature (2.0-300 K range), direct-current (dc) magnetic susceptibility measurements were performed on freshly-prepared microcrystalline solids of 2, 3•MeCN, 4 and 6•H2O; a dc field of 0.3 T was applied from 30 to 300 K and a weak dc field of 0.03 T was used from 2 to 30 K to avoid saturation effects. The magnetic behavior of complex 1 was similar to that of the isostructural complex 2. The magnetic properties of the coordination polymer 5 were not further elucidated since 5 can be magnetically considered as a single Ni II monomer comprising noninteracting paramagnetic metal ions. The data of all studied compounds are shown as χΜT vs. T plots in Fig. 8 . Scheme 3 shows the numbering scheme of the spin carriers that was employed for the discussion of the magnetic properties of all compounds, including the analysis of the applied spin Hamiltonians, the corresponding fits of the data, and the attempted magnetostructural correlations between the calculated J coupling constants and the types of different superexchange pathways. Fig. 8 χΜT vs. T plots for complexes 2, 3•MeCN, 4 and 6•H2O . The solid lines are the fits of the data; see the text for the spin Hamiltonians and the corresponding fit parameters.
For the [Ni5(OH)2(nacb)4(DMF)4] complex (2), the χΜΤ product steadily decreases with decreasing T, from a value of 5.80 cm 3 mol -1 K at 300 K to 0.97 cm 3 mol -1 K at 2 K; such behavior is consistent with the presence of predominant antiferromagnetic exchange interactions between the five Ni II cations. The χΜΤ value at 2 K is very close to the expected one (1 cm 3 mol -1 K with g = 2) for an S = 1 spin ground state. There are eight interaction pathways in total within 2; these can be further simplified to three (Scheme 3) considering the symmetry of the cluster and the types of bridges involved in the superexchange mechanism. The complete spin Hamiltonian for 2 is given by eq. 1.
The best-fit parameters were: J1 = -0.9 cm -1 , J2 = -13.6 cm -1 , J3 = -1.8 cm -1 and g = 2.20 (R = 3.2 × 10 -5 ). As a result, the spin ground state of 2 is S = 1 with the first excited state being 9.9 cm -1 higher in energy. The values of the calculated J-coupling constants are consistent with the structural features of complex 2 and the associated metric parameters; thus, the dominant antiferromagnetic interactions observed in 2 are attributed to the large Ni-O-Ni bond angles which span the range 93.1(2)-105.2(2)°. 8, [28] [29] [30] [31] [32] 34, 36 Magnetization vs. field data ( Fig. 9 ) were collected at 2 K and the experimental results were nicely reproduced for an isolated S = 1 ground state with a g value of 2.10 and a D value of 1.6 cm -1 (R = 2.2 × 10 -4 ), where D is the ground state zero-field splitting parameter.
The χΜΤ product of the [Ni5(OMe)Cl(nacb)4(MeOH)3(MeCN)] (3) complex is again steadily decreasing as the temperature decreases and it reaches a value of 2.50 cm 3 mol -1 K at 2 K. The room temperature χΜΤ value is 6.46 cm 3 mol -1 K, slightly larger than the expected χΜΤ value (6.05 cm 3 mol -1 K with g = 2.2) for five non-interacting Ni II cations. The shape of the χΜΤ vs. T plot indicates predominant antiferromagnetic exchange interactions between the metal ions. Due to the asymmetry of the cage-like 3, there appears to be a very complicated pattern of interactions in which all nickel cations are magnetically connected to each other through different superexchange pathways. To simplify the fit and avoid overparameterization effects, we have discarded the a priori weaker magnetic interactions mediated by the syn,syn-or syn,anti-RCO2bridges. 14, 36 We have also employed the same J-coupling constant to describe the interactions between the Ni1
Ni4 and Ni3 Ni4 pairs
Ni4 = 3.137 Å and Ni1 Ni4 = 3.186 Å); ••• ••• the latter interactions are propagated by double-alkoxido bridges. The simplified 4-J spin Hamiltonian for 3 is given by eq. 2.
We have included in the fitting model a Dion term in order to reproduce adequately the magnetic data at the lowtemperature regime. An excellent fit of the data was obtained for the entire temperature region, including the region of the plot where the shape of the curve is slightly different (i.e., steeper decrease between 75 and 10 K). The best-fit parameters were: J1 = -0.8 cm -1 , J2 = +12.2 cm -1 , J3 = +2.0 cm -1 , J4 = -13.1 cm -1 , Dion = -2.5 cm -1 and g = 2.28 (R = 2.6 × 10 -5 ). Using the same fit parameters, we have also been able to simulate the magnetization vs. field data ( Fig.  9 ). Even with this simplified spin Hamiltonian, the fitting model still includes a large number of parameters and therefore their absolute values should be taken as indicative only. However, the two main interactions associated with J4 and J2 coupling constants are fully consistent with the expected antiferromagnetic coupling mediated by the double alkoxido bridges with large Ni-O-Ni bond angles (99.4(7)-101.6(7)°) 36 and the ferromagnetic coupling resulted from the small Ni1-Cl1-Ni2 bond angle (83.0(3)°), 34 respectively. Hence, the calculated ground state from the obtained fit parameters is S = 1 but -in contrast to the Ni5 complex 2-the ground state this time is close in energy with the low-lying S = 2 and 3 excited states. The population of these excited states, with S larger than that of the ground state, under large magnetic fields forces the magnetization to reach a value of 5.7 NμΒ (Fig. 9) .
The χΜΤ product of the (NHEt3)2[Ni6(OH)2(nacb)6(H2O)4] (4) complex decreases monotonically from 8.39 cm 3 mol -1 K at 300 K to 2.19 cm 3 mol -1 K at 2 K. The room temperature χΜΤ value is smaller than the expected one for six noninteracting Ni II cations (7.26 cm 3 mol -1 K with g = 2.2). The shape of the plot indicates again predominant antiferromagnetic exchange interactions between the metal ions. This system also shows a complicated pattern of twelve interactions in total, which can be simplified to the below 3-J spin Hamiltonian (eq. 3) on the basis of the structural features and metric parameters of complex 4.
The best-fit parameters were: J1 = -1.8 cm -1 , J2 = -6.4 cm -1 , J3 = -0.8 cm -1 , Dion = 1.0 cm -1 and g = 2.30 (R = 2.7 × 10 -5 ). The mean Ni-O-Ni angles for the different Ni Ni pairs ••• described by J1 and J2 in 4 (see Scheme 3 and Fig. 4 , bottom) are 94.3° and 123.0°, respectively; thus, J2 is expected to be the most antiferromagnetic, and indeed, it is. With regards to the J3 coupling constant, this accounts for the magnetic interactions promoted solely by the long carboxylate bridges; these interactions are expected to be very weak and this is indeed the case as demonstrated by the fit of the data. From the obtained J-coupling constants, an S = 2 ground state was calculated. However, the fit of the magnetization data, assuming an isolated S = 2 ground state, was not completely satisfactorily; the quasi saturated value of 4.3 NμΒ for the magnetization at large fields ( Fig. 9 ) may be tentatively ascribed to the same S = 2 ground state as calculated from the magnetic susceptibility data.
In contrast to all previously studied compounds, the magnetic behavior of complex [Ni6(nacb)6(H2O)3(MeOH)6] (6) is completely different. The χΜΤ product steadily increases with decreasing temperature from a value of 8.59 cm 3 mol -1 K at 300 K to a maximum value of 10.09 cm 3 mol -1 K at 3 K, thus suggesting the presence of predominant ferromagnetic exchange interactions between the metal ions. The room temperature χΜΤ value is larger than the expected one for six non-interacting Ni II cations. The structural data indicate the presence of two different types of superexchange pathways; one pathway results from the syn,anti-carboxylate bridges (attributed to J1) and the other one is mediated by the μ-H2O (assigned to J2) bridges (see Fig. 6 , bottom and Scheme 3). As a result, a 2-J spin Hamiltonian was employed (eq. 4) in order to fit the experimental data.
An initial isotropic fit of the experimental data did not yield any satisfactory results but the incorporation of a Dion term led to an excellent fit with parameters: J1 = +0.3 cm -1 , J2 = -0.1 cm -1 , Dion = -1.3 cm -1 and g = 2.29 (R = 1.2 × 10 -5 ). The obtained -small in magnitude-J values are consistent with the expected values derived from two superexchange pathways that are known to promote very weak magnetic coupling; this coupling is often ferromagnetic for the single syn,anti-carboxylates, 37 and practically negligible for aqua bridges, 34 in agreement with the corresponding J1 and J2 values of 6. Magnetization vs. field measurements were performed at 2 K. At the higher magnetic fields employed, the magnetization shows a non-saturated value of 8.8 NμΒ. This value can be attributed to the presence of weak antiferromagnetic components in 6; a fit of the data was not performed due to the large number of parameters involved and their very small values which would allow for the calculation of multiple solutions.
Finally, none of the reported compounds exhibit out-ofphase (imaginary) ac magnetic susceptibility signals down to 1.8 K, suggesting these are not SMMs.
Fig. 9
Plots of magnetization (M) vs. field (H) for complexes 2, 3, 4 and 6•H2O at 2 K. The solid lines are the fits of the data for complexes 2 and 3 using the parameters discussed in the text.
Solid-State Emission Studies
The photophysical properties of complexes 1-6 were studied in the solid-state and at room temperature due to their structural degradation in solution. The latter was confirmed by performing ESI-MS studies in solutions of all complexes at various solvent media. These studies revealed -for all compounds-the presence of various high-intensity signals corresponding to different nuclearity species of similar abundance, including peaks which were assigned to ligand dissociation from the metal ions. The optical response of the free-ligand nacbH2 has been reported in a previous work. 14 Briefly, it was shown that nacbH2 is a promising 'antenna' group for the promotion of energy transfer effects. Upon maximum excitation at 349 nm, nacbH2 exhibits a strong emission in the 380-420 nm visible range with two clear maxima at 391 and 410 nm, and a weak shoulder at 482 nm. Among all the studied Ni II complexes, only 2 and 6 showed a noticeable photophysical response, which was similar in terms of excitation/emission peak maxima but with different intensities. The pentanuclear complex 2 exhibits a green-centered emission at 544 nm, upon maximum excitation at 399 nm (Fig. 10,  top) , while the hexanuclear complex 6 shows a similar emission at 520 nm upon maximum excitation at 380 nm (Fig. 10, bottom) . The emissions of both 2 and 6 are very red-shifted with respect to the free nacbH2; this can be tentatively assigned to the coordination of the deprotonated nacb 2ligands with the metal ions which would subsequently affect the charge transfer process and eventually the detected emissions. 38 It is now well-known that the deprotonation and coordination of a ligand to a metal ion enhances the rigidity of the organic molecule and consequently reduces the loss of energy via vibrational motions. 38 It has also been seen that the employment of efficient organic fluorescent ligands, such as those containing poly-aromatic rings (i.e., naphthalene, anthracene, phenanthrene, etc.), can prevent quenching effects induced by the paramagnetic nature of the metal ions. 38c,38d Red-shifted emissions are usually observed in the majority of fluorescent compounds in the solid-state probably due to the π-π stacking interactions of the aromatic rings of the molecules. 13 Given the structural complexity of 2 and 6, the number of metal ions and ligands present, among other structural perturbations (i.e., bound-and lattice-solvate molecules), an in-depth analysis of the photophysical energy transfer process was not feasible. (1) and emission (2) spectra of complexes 2 (top) and 6 (bottom) in the solid-state and at room temperature.
Conclusions
In conclusion, we have herein reported our results from the use of a flexible reaction scheme comprising the organic chelating/bridging ligand N-naphthalidene-2-amino-5chlorobenzoic acid (nacbH2) and simple Ni II starting materials, in the presence of various organic or inorganic bases and at various solvent media. A series of structurally, magnetically and optically different pentanuclear and hexanuclear Ni II cluster compounds, as well as a {NiNa2}n coordination polymer, were obtained as a result of the bridging versatility, coordination affinity and optical efficiency of the deprotonated nacb 2group. In addition, the nature of the base employed for the deprotonation of the free nacbH2 and the reaction solvent were found to affect dramatically the chemical and structural identities of the resulting compounds. We are currently trying to expand this research into various Ni II carboxylate sources as a means of increasing the nuclearities of the products and obtaining nanoscale molecular materials with both interesting magnetic properties and emissions in the visible part of the electromagnetic spectrum.
